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SPACE SHUTTLE TESTS OF TURBULENT BOUNDARY

LAYER HEATING EFFECTS ON HALF SCALE TILE

SIMULATION USING MODEL 58-0 IN THE NASA/ARC

3.5-FOOT HYPERSONIC WIND TUNNEL

(TEST IHSID)

by

P. L. Lemoine

Rockwell International

Space Transportation & Systems Group

ABSTRACT

Test IH51D was conducted in the NASA/Ames Research Center 3.5-foot

Hypersonic Wind Tunnel from May 9, 1979 through June 28, 1979. The

purpose of the test was to investigate thermal protection system (TPS)

tile heating rates using a half scale tile array which had provisions to

vary tile gap, step height, edge radii and flow orientation. The test

was conducted under simulated turbulent boundary layer conditions (scaled

sublayer thickness of approximately 0.020 inches). Space Shuttle ascent

and entry flight was simulated using a hypersonic flow environment at a

Mach number of 7.3, total pressure of 200, 400, 600 and i000 psia and total

temperature of 2000°R.
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INTRODUCTION

This report documentsthe turbulent boundary layer heating effects on

half scale TPStile simulation tests using model 58-0. The test IH51D

was conducted in the NASA/AmesResearchCenter 3.5-foot Hypersonic Wind

Tunnel during the period from May9 through June 28, 1979.

The objective of the test was to investigate TPStile heating rates under

simulated turbulent boundary layer conditions with a specifically scaled

sublayer thickness of approximately 0.020 inches. The wind tunnel

nozzle and model 58-0 were modified so as to pick up the nozzle boundary

layer. Calibration runs were Conductedprior to each run.

The model was tested using various tile gap configurations, step heights,

edge radii and flow orientations. The test was conducted at Mach7.3

through a Reynold's numberrange of 0.5 x 106 to 2.5 x 106 per foot.

All test objectives were met. This report includes discussions of the

tile configurations investigated, instrumentation, test facility, test

procedure and data reduction.



SYMBOL

a

AFFDL

b

C,c

%

Cp

C0,CI,C 2

_Tw/_t

h

hs,href

Haw

Ht

Hw i

h/hs,

h/href

M, M.
Math No.

m

PI,P2,P3

eo

PT,Pt

MNEMONIC

CONSTANT SET

DTW/DT

GAP

H

HREF

HS SPHERE

HAW

HT

HW

 /HREF

MACH

PS

PINF, P

PT

NOMENCLATURE

DESCRIPTION

Intercept of straight line curve fit (generalized)

Air Force Flight Dynamics Lab

Thickness of model skin

Specific heat of model skin material

Centerline

See Table II and Table XI

Specific heat of air stream (perfect gas value)

Curve fit constants

Rate of change of wall temperature, °R/sec.

Distance between tiles, inches

Heat transfer coefficient at model wall for given

thermocouple location, BTU/ft2-sec-°R

Stagnation point heat transfer coefficient for
reference sphere, BTU/ft2-sec-OR

Adiabatic wall enthalpy

Freestream total enthalpy, BTU/LBM

Enthalpy based on model wall temperature for a

given thermocouple location at initial time.

Ratio of model heat transfer coefficient to heat

transfer coefficient of reference sphere (usually

followed by appropriate recovery factor, R = 1.0,
R = 0.9 or R = 0.85

Freestream Math number

Generalized straight line slope

Static pressure taps

Freestream static pressure, psia

Freestream total pressure, psia

4
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NOMENCLATURE (Continued)

SYMBOL

PTI-19

q.

qi

qs

Re,Re/foo t

R

Rs

St

T/C, T/C No.

TI_ 3

Tt, T t

Tr_l-7

Twi

t

Taw

V_, U

W

MNEMONIC

PTI-19,

P-TOT

Q

QDOT

QREF

RADII

RAISED

RN/L

RN/FT

R

R

DESCRIPTION

Pitot rake Tap

Freestream dynamic pressure, psi

Heat transfer rate at model wall for given T/C

location at initial time; BTU/ft2-sec

Heat transfer rate at stagnation point of

reference sphere at initial time, BTU/ft2-sec

Radii of intersecting edges of tiles

Indicates which tile, T/C 1243 or T/C 1342 is

raised

Freestream Reynolds number per foot x 10 -6

Recovery factor

Reference sphere radius, ft.

RUN NUMBER Tunnel run number

STN NO

T/C NO

TI-3,
TW

TINF

TPS

TT

TTI-7,
TT

TW

VINF

Stanton Number

Thermocouple Number

Wall temperature thermocouple

Freestream temperature, °R

Thermal Protection System

Tunnel freestream total temperature, OR

Total temperature rake tap

Model wall temperature for given thermocouple

location at initial time, OR

Time, sec

Adiabatic wall temperature, OR

Freestream velocity, ft/sec

Density of model skin material, ibm/ft 3



SYMBOL

x

Y

X/C,Y/C

0

Subscripts

aw

i

PG

t

w

CO

MNEMONIC

X

Y

X/C,Y/C

X

Z

ALPHA

BETA

MU

RHO

PHIl

FRAME

RAKE

NOMECLATURE (Concluded)

DESCRIPTION

Longitudinal location of thermocouple (See Figure 2)

in.

Lateral location of thermocouple (See Figure 2) in.

Dimension indicating T/C location relative to

tile dimensions as percent of tile width or length

In parameter block is distance of test article

from leading edg@, inches

Distance above plate, inches

Model angle of attack, degrees

Model sideslip angle, degrees

Freestream viscosity, ib-sec/ft 2

Freestream density, slugs/ft 3

Initial model roll angle, degrees

Tunnel Sequence Number

1-Pitot Rake; 2-TemDerature Rake

adiabatic wall

initial time

perfect gas

total condition

wall

freestream



CONFIGURATIONSINVESTIGATED

The model consisted of the SS-H00152basic insert carrier and utilized an

instrumented Insert, I of the turntable with the simulated tiles. Spacers

were available to position the leading edge of the survey rakes at 6" incre-

ments between 18" and 42" aft of the flat plate leading edge. During the

tile simulation portion of testing the SS-H01973turntable arrangement was

used with inserts to position the turntable centerline at 24", 30" and 36"

aft of the leading edge of the carrier. Turntable angles of 0° and +22.5°

to the freestream were available for these tests. The insert carrier was

mountedon the Amesinsert mechanismto line up with the M = 7 nozzle extension.

The tile simulation hardware consisted of the basic flat plate carrier with

the SS-H01973turntable arrangement. There were three basic types of tiles

used on the tile surface heating insert:

Ty_el- Fully instrumented (120 thermocouples), 0.015" radii on two

intersecting edges and 0.045" radii on the other intersecting

edges. Tiles had provisions to move to change gap and shims

for step height changes.

Type 2 - Instrumented with one thermocouple, tiles had provisions to move

to change gap and shims for step height changes. Five of the

Type 2 tiles had 0.015" radii on two intersecting edges and

0.045" radii on the other two. Two additional Type 2 tiles

were available with edge radii of 0.015" and 0.045" on all four

edges.

Type 3 - Instrumented with one thermocouple, tiles were immovable.

Constant 0.030" edge radii on all four sides. Constant 0.030"

gap between tiles.

All tiles were constructed of Armco 17-4 PH steel with a nominal skin

thickness of 0.015" in the instrumented areas. The other surfaces had

a 30 microinch finish and the inner surfaces were finished to 60 microinches.



CONFIGURATIONSINVESTIGATED(Concluded)

The fully instrumented (Type i) tile shell was supported by nine spacers

laser spot-welded to the shell and screwed to the backing plate. The

spacers were positioned such that no thermocouple junction was within 0.4"

of a spacer.

Insert I wasa 39-inch long smoothplate heat transfer insert with 3 rows

of 25 thermocouples each (75 total). The thin skin areas were 17-4 PHsteel

constructed to a nominal thickness of .015". Oneof the 6" spacers was

modified to mountboundary layer rakes for velocity profiles obtained

during the initial calibration runs.
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INSTRUMENTATION

Heat transfer insert 1 (smoothplate) was instrumented with 75 chromel

constantan 36 gage thermocouples as shownin Figure 2c. The tile simu-

lation array was instrumented with 135 chromel constantan thermocouples.

The fully instrumented type 1 tile had 120 thermocouples as shownin

Figure 2a. Of these, 60 were measuredat one time. Eachof the type 2

and type 3 tiles had one chromel constantan thermocouple as shownin

Figure 2h.

The thermocouple plugs were changedin the aft compartmentin order to

minimize damageto the connections from repeatedly pulling the wire bundle

through the sting. A permanentwire harness was provided from the

"caboose" to the Amesterminal panel. This harness terminated in 5

CannonDCC-37Fconnectors wired with 15 thermocouples to the connector.

Thermocouplelocations are tabulated in Tables .V%,V!II and IX. Thermocouple

plug assignments are also shown.



TESTFACILITYDESCRIPTION

The NASA/Ames3.5-Foot Hypersonic Wind Tunnel is a closed-circuit, blowdown-

type tunnel capable of operating at nominal Machnumbers of 5, 7, and i0 at

pressures to 1800 psia and temperatures to 3400°R for run times to four

minutes. The major componentsof the facility include a gas storage system

where the test gas is stored at 3000 psi, a storage heater filled with aluminum-

oxide pebbles capable of heating the test gas to 3400°R, axisymmetric con-

toured nozzles with exit diameters of 42 inches for generating the desired

Math number, and a 900,000 ft 3 vacuumstorage system which operates to

pressures of 0.3 psia. The test section itself is an open-jet type en-

closed with a chamberapproximately 12-feet in diameter and 40-feet in length,

arranged transversally to the flow direction.

A model support system is provided that can pitch models through an

angle-of-attack range of -20 to +20 degrees, in a vertical plane, about a

fixed point of rotation on the tunnel centerline. This rotation point is

adjustable from i to 5 feet from the nozzle exit plane. The model

normally is out of the test stream (strut centerline 37-inches from tunnel

centerline) until the tunnel test conditions are established after which it

is inserted. Insertion time is adjustable to as little as 1/2 second

and models maybe inserted at any strut angle.

A high-speed, analog-to-digital data acquisition system is used to record

test data on magnetic tape. The present system is equipped to measure

and record the output from 80 transducers in addition to 20 channels

of tunnel parameters.

I0
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TEST PROCEDURE

Installation

The SS-H00152 flat plate carrier was installed on the Ames injection system

(see figure la, ib, ic). The various inserts and test articles were then

installed in the carrier as required. Spacers were available to give the

proper test article locations as indicated by the run schedule.

Thermocouple leads were routed internally in the carrier to the aft end

of the model. Plug changes were then made and a permanent wire harness

to the Ames terminal panel was utilized. The wire harness consisted of

75 forty-foot lengths of 30 ANG chromel constantan thermocouple wire and

terminated in 5 Cannon DCC-37F connectors wired 15 to a connector.

The boundary layer survey pressure rake was connected to NASA provided

pressure transducers, housed in a water cooled box and mounted to the lower

side of the model carrier. NASA routed these leads to the instrument

bulkhead.

The thermocouple leads were connected to the total temperature probes

and were routed to the facility junction box.

Operation

The following steps were performed during the operational phase of the test.

i. Warm up run was made to warm up the nozzle and model.

2. Model was set up for step height and gap according to

growth plot of pressure.

ii



TESTPROCEDURE(Continued)

o Linear voltage differential transformer was maximized for

running. LVDT reading = -3.82.

4. LVDT# was set for injection (i.e. gap and growth).

PT(PSIA)
GROWTH 200# 600# I000#

i SEC. .00036 .00096 .00155

2 SEC. .00072 .00192 .00310

3 SEC. .00108 .00288 .00465

4 SEC. .00144 .00384 .00620

Calibration

; Two boundary layer total pressure rakes consisted of 19 total pressure

probes set at heights above the plate surface from .005" to i0.00 inches.

These rakes were mounted one at a time at three different spanwise locations

on a 6 inch spacer. See Table III for distances above the plate.

A seven (7) probe total temperature rake was mounted on the same 6 inch

spacer as the pressure rake. These probes were NASA provided Rosemount

total temperature probes. The spacing of these probes were from 0.040

inches to i0.00 inches above the plate surface. See Table IV.

Three static pressure taps (p) and three wall temperature chromel alumel

thermocouples (TWi), were installed on a 6" spacer. These taps were set

at 2.5 inches from the leading edge for the thermocouples and 2.0 inches

from the leading edge for the pressure taps. These dimensions placed the

instruments 0.50 inch and 1.00 inch, respectively, ahead of the plane of

the total temperature and the total pressure rakes.

• 12



TESTPROCEDURE(Concluded)

Data Acquisition

Thermocoupleoutputs from the model were recorded on magnetic tape by a

Beckmanhigh-speed, analog-to-digital data acquisition system. A maximum

of 75 thermocouples could be recorded at one time at a rate of 0.07 second

per data point from the start of insertion until the end of retraction.

The time on centerline was approximately one second.

The thermocouple leads were attached to connectors in groups of 15 thermo-

couples. Five plugs at a time were connected to permanent wire harnesses

in,he aft portion of the model. This permitted measurementof up to 75

thermocouples at a time.

13



DATAREDUCTION*

Test Conditions

Test Conditions are tabulated in Table I.

Tunnel stagnation pressure and stagnation temperature measurements were

converted to engineering units of ib/in 2 and OR using the latest pressure

transducer calibration and the appropriate millivolt-temperature thermo-

couple curve. The remaining test conditions were derived from these

measurements. In particular, the tunnel freestream unit Reynolds number

was calculated by Equation i.

Re_ = _0_V_ I/ft (i)

where 0_ = freestream density

V_ = freestream velocity

_OO

where

_ = freestream viscosity calculated b_ EquatioD 2, which

is Keyes equation for viscosity (Reference 4)

0.0232XI0-6X T_ ½

220 10_9/T_
l+_--X

ib-sec

ft2
(2)

T_ = freestream static temperature

Tunnel freestream conditions used in Equations (i) and (2) and tabulated

in the final data were corrected for calorically imperfect, thermally

perfect air. The corrections to the perfect gas relations were taken

from NACA Report 1135 (Reference 3).

*The data reduction equations in this section were supplied by

W. K. Lockman of ARC.

14



DATAREDUCTION(Continued)

Heat Transfer Data

Heat transfer data were reduced using techniques outlined in Reference g.

Ten frames of data, or 0.70 seconds, were reduced beginning at the time

when the model reached tunnel centerline.

Thermocouple data were reduced using the one-dimensional, thin-wall equa-

tion:

= WCb dtdTw_ h (Haw - Hw) m hT t _HttHaw HtHW) (3)

which neglects heat-conduction losses.

Assuming that W and h are constant and

C = Co + CI Tw+ C2 Tw 2 for all Tw ranges, i4)

the integration of equation (3) for t = ti to t and Tw = Twi to Tw yields

the linear equation:

aw Tw CI C2
f(T w) --- _n --r- - _--T-+--7 -

Taw Tw i Caw Caw

+ Tw + Tw (Tw - _w_i_
2

hc
=_ (t - ti)

WUawU

(5)

where it isdefined that:

, Haw Ht
Taw m Haw = 2 (Taw)P G (6)

Cp Ht Cp

15



DATAREDUCTION(Continued)

' _ Co+ CI ' ' 2Caw Taw + C2 Taw

# specific heat at adiabatic wall temperature.

(7)

The form of equation (5) is f(Tw) = mt + b where m is the slope and b is

the intercept for a straight line if heat-conduction errors are negligible.

Thus, deviations from a straight line will indicate heat-conductlon effects.

The slope, m, of f(T w) vs t from equation (5) was computed by a least-

squares, straight-line fit over a finite time interval (0.70) beginning

when the model reached uniform tunnel flow (tunnel centerline). The value

of the heat-transfer coefficient, h, was then determined from:

!

WCawb
h -

Cp
m" (8)

Using this value of h, the heat-transfer rate was evaluated at the initial

time, ti, when the model was isothermal at the initial wall enthalpy, Hwi.

Haw Hwi) (9)
= _i = h (Haw - Hwi) _ hH t _H_t Ht

where Haw/H t is the same value used to evaluate h. The resultant value of

is independent of the value of Haw/Ht used for both the h and _ evalua-

tions.

The reference sphere heating was also evaluated at the initial wall enthalpy

by the method of Fay and Riddell (Reference 5).

qs = hs (Ht - Hw i) E hs Ht (i.0 - Hwi) (i0)
Ht

16



DATAREDUCTION(Continued)

Themodel-to-sphere ratio of heat-transfer coefficients was then determined

from equations (9) and (i0) as

h-_h q-sqi [ 1.0 - Hwl/HtH__i/Htl

where _i was constant for all values of Haw/Ht.

To determine h/hs for various values of Haw/Ht, the particular value of

Haw/Ht was substituted into equation (ii). h/hs was evaluated for three

different values of Haw/Ht: 0.87_ 0.90_ and 1.00.

The Stanton numberwas determined by:

_ h qiSt =---
pu PU(Haw- Hwi)

where for free-stream conditions, pu = p_V_.

was evaluated at two different values of Haw/Ht:The Stanton number

0.873 and 0.907.

(12)

The derivations of the model heating and reference sphere heating included

the corrections of NASAReport 1135 (Reference 3) for calorically imper-

fect, thermally perfect air.

Material Properties

The instrumented areas of the model were constructed of 17-4 PH stainless

steel. The material thermal properties necessary for thin wall thermo-

couple data reductions were:

17



DATAREDUCTION(Concluded)

Material density: W= 490 ib/ft 3

Btu
Material specific heat: C = 0.0797 + 5.556XI0-5 Twi_ibm_OR

Model material skin thicknesses at the specific thermocouple locations

can be found in Table_ VI, VIII and IX.

18
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: IH51D

TABLEI

TEST CONDITIONS

DATE : July 1979

MACH NUMBER

7._

REYNOLDSNUMBER

(per unit length)

0. 500

1.000

1.400

2.500

PT (pounds/sq.inch)

200

400

600

I000

3TAGNATION TEMPERATURE

(degrees Fahrenheit)

2000°R

BALANCE UTILIZED:

NF

SF

AF

PM

RM

YM

NIA

CAPACITY: ACCURACY:
COEFFICIENT
TOLERANCE:

COMMENTS:

i
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PT No.

i

2

3

4

5

6

7

8

9

10

ii

12

13
14

15

16

17
18

19

TT No.

i

2

3

4

5

6

7

TABLE Ill

PITOT RAKE LOCATIONS

Z (Distance Above Plate)

•005

.010

•015

.020

•025

.030

.040

•060

•.080

•I00

.125

•250

•500

1.00

2.00

3.50

5.50

8.00

lO. O0

Press Range

50 - 200 psia

TABLE IV

TOTAL TEMPERATURE RAKE LOCATIONS

Z (Distance Above Plate)

.040

.061

.138

.250

.500

2.000

i0.000

P1

P2

P3

TABLE V

STATIC PRESSURE TAPS

Press Range

.03 ,2 psia

.03 ,2 "

.03 ,2 "

............... 27



• TABLE Vl

SMOOTH PLATE - INSERT I - THERMOCOUPLE LOCATIONS

NO.
i

1
2

3
4

5
6

?
8

9
io
ii

12

13
14

15
16

17
18

x9
20
21

22

23
24

25
26

27
28

29

30
31

32
33
34

35
36

37
38

39
40

kl
_a

43

45
46

47

PLUG
m

IO

ii

12

13

i

Xin Yin- Thickness NO. PLUG Yin

O.5

2.5
4.5
6.0

7.5
9.0

10.5
12.0
13.5
15.0
16.5
18.0

19.5
21.0

22.5
24.0

25.5
2T.O
28.5
3o.o
31.5

33 .o
34.5

36 .o

37.5
0.5

2.5
4.5
6.0

7.5

9.0
lO.5
12.o

13.5
15 .o

16.5
18.0

19.5
21.0

12.5
24.0

25.5
27.0
28.5
3o.o
31.5

33.o

3.95 13

12.00

.o15o8 48

.o1495 49

.o1484 50

.01520 51

.0150o 52

•01535 53
.01472 54

•01435 55
.o152o 56
.ozkko 57
.o1435 58

.01436 59

.01430 60

.01525 61
.o1_8o 62

.0150o 63

.01515 64

.o1415 65

.o1455 66

.o147o 67
.o15oo 68
.o15o5 69
.o1465 7o

.o1485 71

.o1515 72

.01545 73
•01475 74

•01535 75

.01555

.01563
.o158o
.o1585
.o1595
.o16oo
.o16o5
.o161o
.o16o7
.01620
.01620

.01645

.o1633

.o16_e

.o1635
.01638
.01630
.01620

.01624

14

Xin

34.5
36.0

3T.5

0.5
2.5
4.5
6.0

7.5
9.0

10.5
12.0

13.5
15.0
16.5
18.0

19.5
21.0

22.5
24.0
25.5
27.0
28.5

30.0

31.5

33.o
34.5
36.o

37.5

12 .oo

J
2o.o85

Thickness

.o1617

.o162o

.oi6o6

.o1523

.o1542

.o157o

.o1546

.o1535

.o153o

.01520

.01520

.01517

.01520

.01510

.01520

.o15oo

.o15o6

.01520

.o151o

.o152o
.o15_
.o1546

.o1525

.o155o

.o1545

.o1538
.o1546
.o1565

2_ ,



TABLE Vll

CONNECTOR HOOKUP - SMOOTH PLATE

-{mi_ I o II t 7_ I--_ 14P

I I I_ _l _ _ (

Z Z _7 ._z. 47 _2.
3 3 J_5 _5 48 &B
•4 4- _9 3,_ 49

7 7 zz. :_? sz 67

9 Z4- _c2 ._ _9
io to 2-_ 44 £5 70
I I II 2-.6 41 S& 71
Iz Iz 27 4z s7 -?2.
1 3 15 ZB 4_ _ 73

29
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TABLE Sill

t

FOLLY _S_TED TILE _OUPLE LOCATIONS

TYPE i

T/C PLUG X Y
NO. NO. IN. IN.

IiOi

11o2

11o3
11o4

11o5
11o6

11o7
i1o8

11o9
iiio

iiii
1112

1113
1114

1115
1116

I117
ill8

iii9
112o

1121
1122

i123
1124

1125
1126

1127
i128

1129

ii3o
1131

1132
1133

1134

1135
1136
1137

1138

1139
11_o
11_1

ii_3

SKIN

THICKNESS

2 0.20

I t
0.20

j 0.25

! I

I o.z5

J

2

3

3

0.05
0.iO

0.15
0.20

0.50
0.75
1.00

1.25

1.50
0.05
0.I0

0.15
0.20

0.25

0.3o

0.35
o.75
i.oo

1.25

o.o5
o.i5
o.25

0.35
o.45

0.55
i.oo

1.25

1.50
0.05

o.i5
o.25

0.35
o._5

0.55
0.65

0.75

o.o5

o.i5

0.35
0.55
o.75

i.25.

1.5o

o._o

o.5o
I

0.50
0.60

0.6O

o .75
I

0.75
0.80
0.80
0.80

I
0.80
1.00

.0155

•.015o
.0150

.o155

.015o

.0148

.oi5o

.oi5o

.oi5o

.oi55

.oi5o

.oi5o

.oi5o

.o15o

.oi_8

.0147

.0150

.0i52

.0152

.0155

.o150

.oi_8

.oi_7

.01_7

.0i_7

.o15o

.oi5o

.oi5o

.o155

.oi5o

.o1_8

.01_8

.015o

.015o

.o15o

.015o

.o155

.o15o

.o15o

.o15o

.015o

.oi5o

.o15o

IN

3o



NO.
u

_45

1151

_53
_Sk
_55
1156

1158
_59

_62
1163

_65

1_9
1_0

1_3

1181
1282

1184
1185

1187
1188

i189

ll_

TABLE VIII (Continued)

FULLY INS_ TILE _£Efa_CO_IPLE LOCATIONS (cm_znTo_))

RO.
i

I

5

5
6

7

7

X Y I_

IN_.=. IN_._. THICKNESS a

0.05

0.25
0._5
o.65
0.85
1.o5
1.25

1.50
o.o5
o.25
0.65
0.85
1.o5
1.25
0.25
o.65
1.05
2.95
2.9o
2.85
2.80
2.50
2._5
_.00
1.75
2.50

.95
2.90
.85

2.8o
2.75
.70
.65
._5

2._0

1.75

.95

.85
Z.75
.65

_.55
.kS

2.00

1.75
1.50
2.95
.85

i._5

1.50
2.00

2.00
2.80

2.8o
2.75

.75
2.60

Z.60
_.50

I

_.50
2.hO

2.h_
'e.25

I

.e5
2.20

2.20

.0152

.0150

.0150

.01_

.0155

.0155

.0155

.0150

.o155

.o15_

.o15_

.o155

.o155

.o15_

.o150

.o15o

.o155

.oih8

.o13o

.o1_o

.o1_5

.o150

.o150

.o].52

.o153

.o15o

.o15o

.o15o

.Olh8

.oi_5

.o1_7

.01_8

.01_5

.01_3

.0147

.0150

.o155

.Olh8

.Olh6

.01_5

.oz_5

.oi_

.01_0

.o15_

.o15o

.o155

.o1_5

• I

31



T/c
NO.

1191
119"2

1193
1194
1195
1196
1197
1198
1199
12oo

12Ol

1202

12o3
12o4
12o5
12o6
12o7
12o8
12o9
1210

1211

1212

1213
1211.

1215
1216

1217
1218
1219
1220

TABLE VIII (Concluded)

n ZYINSTRUMENTEDTILE 0com LOCATIONS(CONTINUED)

PLUG X Y SKIN

NO_....:_ IN._-_. IN_.-_. TKICKNESS I IN

8 2.20

8
9

9

2.75
2.65
2.55
2.1.5
2.35
2.25
2.95
2.85
2.65
2.1.5
2.25
1.75
1.50
2.95
2.75
2.55
2.35
2.15
1.95
1.75
1.50
2.95
2.75
2.35
2.15
1.95
1.75
2.75
2.35
1.95

1.75
1.50

1.50
I.O0

I
i.oo

.o15o

.o152

.o148

.o148

.o148

.o15o

.o155

.o15o

.o155

.o155

.o15o

.0153

.015o

.0155

.o152 .

.o155

.o155

.o15o

.o15o
.o15o
.o15o
.0155
.o15o
.o153
.o155
.o152
.o155
.o15o
.o153
.0155

32



TABLE IX

TYPE 2 AND TYPE 3 TiLE TF/EMOCOUPLE LOCATIONS

T/C
NO.

12_2

12_3
12_4

1245

_6

12_7
12L_8

1250

1251

1252

1253
1254

1255

i3_2

CO_N'g_TOR X/C_ Y/C _

NO.

I •50 .50

1

SKIN

THICKN_=_S a IN

.012

.012

.012

.o13

.014

.012

.012

.012

.o12

.01_

-.0!_,

.014

.o15 .

.01J$

.012

.oz3

_Thermocouples located in center of tile.

33



(-
.TABLE X !

CO_EETOR _ - TILE SIMEA_ Cug_J.U.u.,ULTION

-comm:_oR#
1 2 .3_ h. ..2_

'_f .... 12_1 LI01 LU6 n31 11h6

g12 1102 1117 1132 11_7

3 12k3 1103 1118 1133 ii_8

& 12_J_ Ii0_ 1119 113_ II_9

5 12k5 1105 1120 1135 1150
6 12_ 1106 1121 1136 1151

7 12_7 11o7 _ 1137 1152
8 12k8 11o8 1123 1138 1153
9 12k9 1109 112_ /139 i15_

'1o 125o 111o _5 11_o 1155
11 1251 1111 L_ 11_1 1156
12 1252 1112 L_ 11h_ 1157
13 1253 1113 LUg8 11_3 1158
14 12_ 111_, _ 11h._ 1159
15 1255 LLI5 113o 1145 116o

comu=_s #
nJ_!__. 6 7 8 2_

1 1161 1176 I191 12o6

s 1142 1177 11_ 12o7
3 1163 1178 1193
k 1161, 1179 I194 " 1209

5 1165 118o 1195 121o
6 1166 1181 1196 1211
7 1167 1182 1197 1212

8 1168 118_ 1198 1213
9 1169 11_ 1199 " 121_
I0 1170 i185 1200 1215

1.1 I171 1186 1201 1216
12 1172 1187 1202 ]217

13 1173 1188 12o3 1218
I_ 117_ L189 120_ 1219

15 1175 119o 12o5 122o

s'"
e *.

34



TABLE XI

CONSTANT SETS

TEST NO. IH-SID

t Z 3

C_r_uf%

T_PE.

31

_2

MO,T'L _d- -i"/C _ cuEnu, _M _D__L

4

!1

7 8 q to . i

T_/I _ .._Ibt.__.E.._..

.*.
o.. .o

L___._t_ M_E.L C,_Mt",.¢__',¢._

._-

, ' _o , L c'_ ll.e_

33

37

39
LO

i

&l

1,2
m m

!,5
r6

!0
!!

l

3

7
P_

9
aO

tl

lZ.-
15
14"

t7

to/
2,o

2..I
"zz.,
7_5

z,¢
Z_
z7

7.."7
3o

- 25 -

i

B4..-

..-R(,,.
,_- um

--s9

_'- D._ P Z' LJ3C _.'t"tc3t,%._

/

I0 2s t,.z I 't
J

2q &2 _ 2
i

_._..LL.I ,o_ 3E

13 _°1</:7,c3

i p .o_9_-s
c'_J._' 20 .0/4 TO

2]. .o_cO
,C/_C'_

P3" m/4 _d
8k ._74_"

CI_"_ 25 ,&'/E'/_'..'>"

27 ,OP_7.5"

2? .__'s-_"
;c-'1t.a..,.__o a/_/..'_

31 , o IS"l_._

33 l,o_ _"7_-

ICSAN 35 r, ¢ _og

. _ .O.14_zL 30 . &3., 3

CKa.N 5 ,ol/'oo 32 1,5 5
6 • o _&"3_" 33 _,6 6

T ,o147z. 3_. _v -.
8 _,o_4-3_ 35 1.,8

i ,

? _,C_S-zO 3(" _.9 o

Lo =.} _ 13
5& !L&l

1,2 55 1.5

a_ s6 i_
57 ""i"

&6 59 19

&_ 60 20
&8 61 21

t.9 62 22

50 63 i 23
51 61. 2,,

52 65 25
i

53 66 26
5&. 6v 2v

69 29 .

77 '7o . 3o
58 Vl 3_
59 v2 32
60 v3 33
61 7t, 3/,
62 75 35
63 ,'76 36

_" 3"6& ._.

65 v_ ?'

33
6"7 m. , Lc

l,P

&9

5O

51

52
53
5/.
55

• 5v

5_
59
60

61

62

63
6!,
6S
66
6"7

6n
69

70

• olGIc

37 .c_&c7

_8 .cl_=zc

39 ,ol_z o

c_i_ ko ot_-.4S"

• -....... 3.5



.__^ ,_0_ .-r.,_c-. "_,_ _,---.__

2

_0_0 _J._ _67

, i z I :5 41
T£ _ IU '-D LU7.._._..

i ..."'-

TABLE XI (Continued)

-n_r _=. IH-saD

R_I_. ba_. ....
• . Q _o

I_T_

M_.L. b,A_.T'_ 17- 4--

5 G

i

• L'2. _l c'zz_,,rt__ , 01(,3. _.

zl-1. 42_ ,otL.-,4.z

76 t_ A_,_, _6.0lbZO
'iT , 67 _T ,Ol&7-_r
7_ 4-_ _.8 ,0t6_7

_ ko .OlbgO
80 ' ._"0 V'___r _o .Ol6C&

_22._ .. T.ax__...__m
53 ._/-<'7o

8_

_T

_8

oQ
9_

q3

qT
o,q

l(3o

1 £'?'_

1 oq

'_r,b.

I_.
14-

d,

__'_ ,$6,_lS'3T'

s,_ . "iO .ol_"z c

__ _ .o/S/ ?"

_ 7_. _;_ _. _2.0

_,._ cram 65 ;,CI-S'ZO

_ _, 66 , ,c_._!o
_o7 67. om-zo

71 _, o,,.._-o
7 z.. T_ ,o/s"_"
7B T_ •oxS"3,e

- 26 -

CAkaFt¢-t

"1"/c _>C_a_:l:_Ut-_--

'1' ,S _ I to

61_V_ C::_T e,O I k.x_

_q R_ k_
TO 83 k3

T_
T'i

T_

TT

I._._
8O

8_
86

_T
88

90
Z6

18

_6

k,"

ko

.0

8z , z9 ._
82 20 55

8_ 2]. 56

2z _T ,,,
8_ _3 _8
86 2_ 59

=,

87 25 60
88 26 6].

9o _891. 29
92 30 65

93 31 66

9_ 3_ bT

95 _3 6_
96 3_. 69

9"/' _ to
98 36 7X
99 37 T_

1oo 38 73

I01 39 T_

I02 - _o T5

STST9-O033

36



TABLE XI (Continued)

_k_ M_._ ..
.,.

IX)_T_

hAL_t_=--LM_,T'U m-..i._ "T/C.

d

, j z :s
TIE/_

GR_bPZ

T&P_-

•° .°

L nf_L.TI _ _

!-r; L._ "r/c-:L_

31 !_--,_. _ I

i

....33
y,
35 ',

3_ .! t
3a I i

hO i i

hi i

1.2 I
,I

L3 I

h _

6"7

ILO ' J

,_ i

5h I
i

5-_

S_
50

_:o

62

M _ C_EL

"T/r_

,z,! CI40, J!
,z,,-_ Z

3_ ,2

i

I

I

Z

7 8

t"_k_ t_LT 18t6

_Kx_

6su'_

,z-+ 4 . _..,a

_L_P

q tO

t. Iv_V_ I:::_T o,0

hl• Ol2. /0/_f'v 2B

• :,, ._. 2_ &2 2
, |

•., ._ 30 /.,3

Iz'-'_ 7 .o,Z
, z,, ;' 8 .o,2

,Z-i !1 .o.,4-

L._C lxTt_:,..X I"A

T,_ Pu'r
I,.k_

!

35 L_ o

3_ h_

3.'_ 51 I t:

&! % '&

/.,2

t,L

L6

L_

/,q

51

52

53
5&

_S

_?
58
5q
60
61

62

63 "A

II

.. ¢'? 1 "'

5° I !_
5° i'_

(o $o

61 "_'

62 22

63 23
A,.,. 2L

65 25

66 26

6_ 2_
69 29
"0 30

71 31
72 32

v3 33

"& 3'.

_S 35

|

6" ' I
l

(-o -27 -

"?.¢t ...

37

AS

6h 9"7

3 l

3-

31 hi, '_

32 L_

33 hA A

36 _7 ----
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TABLE XI (Continued)

re am _DUCe_

• • ° ,_

T _Pr'- I

i
I

! I 4-

I

--i
I

I I ".! It'c-r
J " I I it_z

I t IIV3

I 4.. 1,45
I 5" 11',14o

S

_L_ _.,.Tt0_

L l_,W'i I:: _T _',_O l_Cx .....

,._ Z /.,7 . o ,'"_

i!+o C I.t L'_I_'__ .o/5

68 8]. _.

69 82 :,2

7o 83 _
71 8_.

73 56 "-_

7_ 87 _
i --

75 88 _5
76 89 '__

qo _o
].6 53.
17 52

18 53
19 5_

20 , 55
!

TT

"/9
8o

81

/ t ,g."l

t,4,>

/IYI'
f/_o
,151

/tS2
ix F:_
a _y

P _°/.,,
11$'7

I__ _'

l/GO

_ ;o/_
5_! • o/g
58 • 0/5
_ .Oli--"

¢_ .d,_4-

CWkLV£.a/s_"

61 . o/5_"

CIAI_ I . o / s a
piSS"

"U.; • o/Sz
l_J . o G;
"14. o,_

f_14h,L_15 . o/s,s"

9o
91
92
93

IOO
ioi

lO2

_o3

38
._9
40

BPE.rD

TO

71

73

7_

'75

- 28 -

f

38
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TABLE XI (Continued)

-___;" _. -_'#Ei_
i

_tlU. tUt_. ..
.o .

ED [X..T'E._
i i

I i

• o/_

.o_5

cc_uF,_
°

50

55 15

63

65

69

90

-% C _E:I3L_t._E.
,, •
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TABLE XI (Continued)

71

! z i _ I 4 i s !
T_/'_IU _ b t_CF_.rg.

_.+..._1 0

M_E,L

"r/,-
D3_."FF,L,.. _L._

7
I

• I

' I

6"1u_

_iAU41 .,,s
• o,5_

. • ,.:_'._.

, ' 41 .oJ'--:"

' t _lq+

; o/._

1 I .o/-=_

I I " 01_-

I

0/$5

61

.o/5

.o_93

• :/__j

-- . .--. Q

i

L k,_,V_ I / ._--_

68 81 1 _ t

TO 83 ,, _ .i

TJ. 84 _:_ i

"D

_°

_t475 8.3

T8 16

T9 1T

80 15

Sl

82

85

9o
9:}.

92
93

.96

98

99
i00

19 I
20

_0

51

53

56

55

;---_--
23 ' 53'

59

(':_ 1 O.,

I g]

, C -a

i

_-9 ] =3o "' o_

33

3S
39

6T

! oc
6._
TO

Tl

7_
.6I01

/

- 40
S_T9-OO33
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TABLE XI (Continued)
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2 .012
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CONSTANT SET: 830

TABLE Xl(Continued)

TEST NO. IHSID CON'FIG.

RUN NO.

0.045"R

DATE

MODEL MAT'L 17-4 T/C SCHEDULE

m

z I 3
n

4 I 5 _,

TE a _ & D %1C_.

GR_Uf% I.J_LTIGI_

T_.P_ I
_/G_.D TTLE

71 _ TYPE I

72 | ' I"
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CP_ 41 .015 68 81 41
II i
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43 .015 70 83 43

44 ,0155 71 84 44 ,
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_, .015 73 86 46

_7 .0152 74 87 47 . .

&8 .0148 ,, 75 88 . 48

_o .0148 76 89 49 , ,

CHAN 50 .0148 77 90 50
ii i,

51 .015 78 16 51

._..0155 _79 17 52

.015 80 18 53

54 .0155 , 81 19 54

C_AN _5 _0155 82 20 55

_$ .015 83, 21 56

_7 .0153 84 22 57

5_ _0_5 8_ 23 58

_9 .0155 , 8_ 24 59
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R| .0155 88 26 61

62 .0155 89 27 62

63 .015 90 28 63
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,i,
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68 .015 95 33 68
ii . .

69 .0153 96 34 69

CHAN _01 .0155 97 35 70

71 .0152 98 36 71
m

72 .0155 99_ 37 72

73 .015 i00 38 73

74 .0153 i01 39 74

J_ 1220 __£_.0155 , 102 40 754_
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Appendix A

Tabulated Source Data

Rake and Calibration

Dataset Identifier Description Page

R3NK01-15

R3NL01-15

R3NMOI-15

R3NNOI-15

R3NOI6-18

Pressure Rake

Temperature Rake

Wall Temperature

Static Pressure

Flat Plate Calibration

i - 105

106 - 160

161 - 200

201 - 240

241 - 249

***** Indicates data out of range.
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Appendix B

Tabulated Source Data

Type i, 2, 3 Tiles

Dataset Identifier

R3NIIg-96

R3NJI9-96

Descrption

Type 1 Tile

Type 2 and 3 Tiles

Page

i - 15g

160 - 237
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